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Adapting to Climate Change  
 
Lecture 1.2: Reducing Risks to the Built Environment & 
Infrastructure – from Cyclones and Hailstorms  
Educational Aim 
This lecture will outline why climate change, if not mitigated globally, is likely to result in more intense 
hailstorms and cyclones. CSIRO found that while the number of mid-latitude storms affecting 
southern Australia has decreased over the last few decades, their intensity has increased, and 
modelling suggests that this trend will continue. This lecture will discuss how climate change is likely 
to lead to cyclones of higher intensity and destructive power this century, as well as what measures 
can be taken to reduce the risks of damage for residential, commercial and industrial buildings from 
cyclones. As climate change is also forecast to lead to more extreme weather events, such as 
hailstorms, this lecture will discuss what design changes can be made to buildings to reduce the 
risks of damage from hailstorms. 
Key Learning Points  
1. Tropical cyclones are among the most feared extreme weather phenomena. Their destructive 
winds (gusts approaching 300km/h), torrential rains (approaching one metre of rain within 24 
hours), storm surges, and wild seas have inflicted significant damage on communities and even 
caused loss of life. Cyclones affect tens of thousands of people annually.  
2. Cyclones are known by different terms around the world. For tropical cyclones in the Northern 
Hemisphere which start in the Atlantic or Caribbean Sea the term ‘hurricane’ used. In Asia, 
‘typhoon’ is the term used, and in Australia the term ‘cyclone’ is used. 
3. Climate change is expected to influence the intensity of cyclones because sea temperature is a 
key factor in the formation of cyclones. To initiate a cyclone there are a range of factors needed, 
including sea-surface temperature rising to above 26.5°C. The IPCC 4th Assessment1 references 
studies which indicate a ‘likely increase in the proportion of the tropical cyclones in the more 
intense categories, but a possible decrease in the total number of cyclones.’2
4. Australia’s research scientists have found similar trends. Abbs et al in their 2006 study on the 
Projections of Extreme Rainfall and Cyclones
 The IPCC also has 
found evidence of a pole-ward shift due to climate change for cyclones over the last thirty years.  
3
                                                 
1 IPCC (2007) Climate Change 2007: The Physical Science Basis, Contribution of Working Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, pp747-846. 
2 Knutson, T. R. et al (2006) Possible relationships between climate change and tropical cyclone activity, Topic reports, Sixth International 
Workshop on Tropical Cyclones, World Meteorological Organization, pp464-492. 
3 Abbs, D.J., Aryal, S., Campbell, E., McGregor, J., Nguyen, K., Palmer, M., Rafter, T., Watterson, I. and Bates, B. (2006) Projections of 
Extreme Rainfall and Cyclones, A report to the Australian Greenhouse Office, Canberra, Australia, p97. 
 predict that, if current trends continue, an increase 
in the intensity of the most extreme storms of 60 per cent by 2030 and 140 per cent by 2070 for 
Australia. This study also shows a decrease in tropical cyclone numbers by 44 per cent by 2070 
off the coastline of Western Australia, while off the east Australian coastline small decreases of 
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only 9 per cent are predicted.4 Studies also show that while the number of mid-latitude storms 
affecting southern Australia has decreased over the last few decades, their intensity has 
increased, and this trend is predicted to continue.5
5. In Australia it, homes in Far North Queensland and the far north of Australia have been required 
by the building codes to be designed for specific wind loads from gale force winds since the late 
1970s. After Cyclone Tracy hit Darwin in 1974, a number of changes to the building codes were 
implemented to ensure buildings were better prepared for tropical cyclones. Since that time, 
research by the Cyclone Testing Station at James Cook University has shown that there has 




6. This does not mean to say that there is no room for improvement in the Australian building 
codes. Recommendations of ways to improve the relevant building codes and standards based 
on the lessons from recent cyclones like the 2006 Cyclone Larry are outlined in the Brief 
Background Reading section. Abbs et al’s modelling predicts a pole-ward shift of 70 km on 
average tropical cyclone genesis region by 2070 and a shift of almost three degrees latitude in 
the average decay location.
 showing that changes to building design can significantly reduce the amount of damage 
that cyclones can inflict.  
7
7. There is no practical method of construction that can guarantee complete protection for a 
building from a cyclone. But the risks of damage to buildings can be significantly reduced if the 
following steps are undertaken:  
 Thus it is recommended that the area of Australia deemed to be 
cyclone prone, and thus which comes under the specific cyclone building codes, is reviewed and 
applied gradually further south than is currently required.  
− Securing the roof to be able to withstand appropriate uplift forces from cyclonic winds. 
− Designing verandas and pergolas so they are not attached to the main roof of the house. 
This ensures that if gale force winds overcome the design strength of these elements, the 
rest of the house and its roof will not be directly affected. 
− Ensuring, if the roof is tiled, that each tile is individually attached and effectively tied down to 
the roof. 
− Placing effective metal wire screens or shutter protection on windows to protect the most 
vulnerable point of the house from flying debris in a cyclone.  
− If the house or commercial building has a garage, ensuring that the door is effectively sealed 
and can withstand expected cyclone pressure. Garage doors have been found to be a weak 
point in most homes and commercial buildings.  
(These and other measures are discussed in detail in the Brief Background Information section.)  
                                                 
4 Abbs, D.J., Aryal, S., Campbell, E., McGregor, J., Nguyen, K., Palmer, M., Rafter, T., Watterson, I. and Bates, B. (2006) Projections of 
Extreme Rainfall and Cyclones, A report to the Australian Greenhouse Office, Canberra, Australia, p97. 
5 Abbs, D.J., Aryal, S., Campbell, E., McGregor, J., Nguyen, K., Palmer, M., Rafter, T., Watterson, I. and Bates, B. (2006) Projections of 
Extreme Rainfall and Cyclones, A report to the Australian Greenhouse Office, Canberra, Australia, p97; Leslie, L.M., Karoly, D.J., 
Leplastrier, M. and Buckley, B.W. (2007) ‘Variability of Tropical Cyclones over the Southwest Pacific Ocean using a High Resolution 
Climate Model’, Meteorology and Atmospheric Physics, Special Issue on Tropical Cyclones. 
6 Walker, G. (1995) Wind Vulnerability Curves for Queensland Houses, Alexander Howden Reinsurance Brokers, Australia; Cyclone 
Testing Station (1999) A Structural Assessment of the Effects of Cyclone Vance on Houses in Exmouth WA, Technical Report No. 48 July 
1999, School of Engineering James Cook Uni. 
7 Abbs, D. J., Timbal, B., Rafter, A. S., and Walsh, K. J. E. (2007). Severe weather.Climate change in Australia : technical report 2007, K. 
B. Pearce, P. N. Holper, M. Hopkins, W. J. Bouma, P. H. Whetton, K. J. Hennessy, and S. B. Power. (Editors) . Aspendale: CSIRO Marine 
and Atmospheric Research. 102- 106 
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8. Climate change is also forecast to lead to more extreme weather events. An example of this is 
hailstorms. The Australian east coast is particularly prone to large hail and intense hailstorms 
Economic losses from hailstorms in Australia account for 34 per cent of the total losses from 
1967-2003 from natural disasters, according to the Insurance Disaster Response Organisation, 
the largest proportion for any natural peril. Hail damage is responsible for fifty per cent of the top 
twenty insurance losses in Australia since 1967.8 The scale of the costs from hailstorm damage 
is shown by the fact that in the past twenty years, Sydney has been hit by six severe hailstorms, 
causing billions of dollars in damages, including the 1999 hailstorm which cost AUD$1.7 billion, 
of which AUD$1.3 billion was insured.9
9. Unless buildings are made more hail resistant, there will be significant increases to the costs and 
damage from hailstorms this century due to climate change. CSIRO modelling shows that due to 
climate change, hail-days per year for 2030 and 2070, on the east coast of NSW, are projected 
to almost triple, increasing from one to two days per annum to approximately four to six. To 
reduce damage from hailstorms to buildings, and particularly to roofs and windows, a range of 
actions can be taken, such as:  
 
− Ensuring the pitch of the roof is designed correctly: Several hail damage testing agencies 
recommend increasing roof pitches over 6:12 can dramatically improve hail resistance. 
− Designing more appropriate window protection: The same rules apply here as in cyclones. 
Windows can be protected from gale force winds and flying debris by putting appropriate 
metal wire protective screens or shutters in place.   
− Ensuring roofs are well maintained: Often it is not until heavy rain or hailstorms occur that 
homeowners or renters report cracked tiles or other problems with the roof. It is much easier 
to check the roof for damage and fix it during clear weather. 
− Ensuring roof materials are hail resistant: There are a range options to consider in the choice 
of roof materials for new and existing buildings to make them more hail resistant. These 
options are worth considering because the damage and inconvenience caused by hailstorms 
can be significant.  
(These and other strategies to reduce the risks of hail damage are outlined in the Brief 
Background Information section.) 
10. Currently no specific building code or Australian Standard exists which seeks to address and 
reduce the risks of hail damage. Professor Jeary10
                                                 
8 ICA (2007) Catastrophe Information, Insurance Council of Australia, 
 has recommended that the Australian Building 
Codes Board and Standards Australia draw confidence from the success of their specific code 
for buildings in cyclone prone areas implemented in the late 1970s and 1980s and now also 
create a specific code and standard for houses in hailstorm prone areas. Australia’s building 
stock turns over roughly every fifty to one hundred years, hence mandating more hail resistant 
building design now for new homes in hail prone areas of Australia will ensure that, by 2070, the 
risks of damage from hailstorms is significantly reduced. 
www.insurancecouncil.com.au/Catastrophe-
Information/default.aspx, accessed 7 December 2008.  
9 Schuster, S.S., Blong, R.J., Leigh, R.J. and McAneney, K.J. (2005) ‘Characteristics of the 14 April 1999 Sydney hailstorm based on 
ground observations, weather radar, insurance data and emergency calls’, Natural Hazard Earth System, vol 5, pp613-620. 
10 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper 
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Brief Background Information  
Cyclones and Climate Change  
Cyclones are one of the most feared phenomena in the natural world due to their capacity to cause 
significant damage and loss of life, with little or no pattern or warning. Specifically, according to 
Geoscience Australia, ‘A tropical cyclone is a low-pressure system which develops in the tropics and 
is sufficiently intense to produce sustained gale force winds of at least 63 km/h [34 knots]. If the 
sustained wind reaches hurricane force of at least 118 km/h [63 knots] the system is defined as a 
severe tropical cyclone.’11
Climate change is expected to influence the intensity of cyclones because sea temperature is a key 
factor influencing the causation of cyclones. As GeoScience Australia explains, ‘The main source of 
energy for tropical cyclones is the warm oceans in the tropical regions’.
 Tropical cyclones cause damage through heavy rainfall and gale force 
winds, which can cause damage to property by felling trees, lifting roofs and tiles, breaching 
windows and doors, and picking up items that can become dangerous missiles. Strong winds also 
lead to increased wave height, which can create storm surges, leading to coastal flooding, and 
erosion. This is covered in Lecture 1.4.  
12 Variations in the number of 
tropical cyclones in Australia correlate well with local sea surface temperature before and near the 
start of the cyclone season. The strongest correlation is with October sea surface temperatures.13  
The IPCC 4th Assessment referenced a range of studies14 showing that sea surface temperatures 
have increased over the last century (as shown in Figure 1.2.1),15 and concludes, from the evidence, 
that climate change has been the main contributor to the increased intensity of tropical storms and 
cyclones since the 1970s.16 Other research also concludes that increases in tropical cyclone 
intensity correlates with the observed changes in sea surface temperature over the last thirty 
years.17
Globally, estimates of the potential destructiveness of hurricanes show a substantial upward 
trend since the mid-1970s, with a trend towards longer storm duration and greater storm 
intensity, and the activity is strongly correlated with tropical sea surface temperature... 
Specifically the number of category 4 and 5 hurricanes increased by about 75% since 1970. 
The largest increases were in the North Pacific, Indian and Southwest Pacific Oceans. 
However, numbers of hurricanes in the North Atlantic have also been above normal in 9 of 
the last 11 years... Based on a variety of measures at the surface and in the upper 
troposphere, it is likely that there has been a poleward shift as well as an increase in 
Northern Hemisphere winter storm track activity over the second half of the 20th century. 
 The IPCC has also found evidence to suggest that these cyclonic storms are shifting pole-
ward due to climate change.  
                                                 
11 GeoSciences Australia website, www.ga.gov.au/hazards/cyclone/, accessed 4 December 2008. 
12 Ibid 
13 Nicholls, N. (1984) ‘The Southern Oscillation, sea surface temperature, and interannual fluctuations in Australian tropical cyclone 
activity’, Journal of Climatology, vol 4, pp661-670. 
14 Rayner, N.A. et al (2003) ‘Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late 
nineteenth century’, Journal of Geophysics Research, vol 108, p4407; Rayner, N.A. et al (2006) ‘Improved analyses of changes and 
uncertainties in sea surface temperature measured in situ since the mid-nineteenth century: the HadSST2 dataset’, Journal of Climate, vol 
19, pp446–469; O’Carroll, A.G., Saunders, R.W. and Watts, J.G. (2006) ‘The measurement of the sea surface temperature climatology by 
satellites from 1991 to 2005’, Journal of Atmospheric and Oceanic Technology, vol 23, pp1573-1582. 
15 IPCC 2007) Climate Change 2007: The Physical Science Basis, Contribution of Working Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate, Cambridge University Press, Cambridge, see ‘Observations: Surface and Atmospheric Climate 
Change’. 
16 Basher, R.E. and Zheng, X. (1995) ‘Tropical cyclones in the southwest Pacific: Spatial patterns and relationships to Southern Oscillation 
and sea surface temperature’, Journal of Climate, vol 8, pp1249–1260; Nobre, P. and Shukla, J. (1996) ‘Variations of sea surface 
temperature, wind stress, and rainfall over the tropical Atlantic and South America’, Journal of Climate, vol 9, pp2464–2479. 
17 Emanuel, K. (2005) ‘Increasing destructiveness of tropical cyclones over the past 30 years’, Nature, vol 436, pp686-688; Webster, P.J., 
Holland, G.J., Curry, J.A. and Chang, H.R. (2005) ‘Changes in tropical cyclone number, duration, and intensity in a warming environment’, 
Science, vol 309, pp1844-1846. 
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IPCC, Climate Change 200718   
 
Figure1.2.1 Sea Surface Temperature Changes from 1900-2000  
Source: Rayner, N.A. (2006)19
Australia’s research scientists have found similar trends. Using the IPCC A2 Scenario
 
20, Abbs et al 
in their 2006 study on the Projections of Extreme Rainfall and Cyclones21 predict that if current 
trends continue, we can expect an increase in the intensity of the most extreme storms of 60 percent 
by 2030 and 140 per cent by 2070 for Australia. This study also shows a decrease in tropical cyclone 
numbers by 44 per cent by 2070 off the coastline of Western Australia, while off the east Australian 
coastline small decreases of only 9 per cent are predicted.22 This study also predicts more long-lived 
tropical cyclones off the east cost of Australia, that is, more cyclones which take longer to lose their 
energy.23
                                                 
18 IPCC (2007) Climate Change 2007: The Physical Science Basis, Contribution of Working Group I to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, see ‘Observations: Surface and Atmospheric 
Climate Change’.  
19 Rayner, N.A. et al. (2006) ‘Improved analyses of changes and uncertainties in sea surface temperature measured in situ since the mid-
nineteenth century: the HadSST2 dataset’, Journal of Climate, vol 19, pp446–469. 
 Studies also show that while the number of mid-latitude storms affecting southern Australia 
20 Nakicenovic, N. et al (2000) Special Report on Emissions Scenarios: A Special Report of Working Group III of the Intergovernmental 
Panel on Climate Change, Cambridge University Press, Cambridge, U.K., 599 pp. Available online at: 
http://www.grida.no/climate/ipcc/emission/index.htm  
21 Abbs, D.J., Aryal, S., Campbell, E., McGregor, J., Nguyen, K., Palmer, M., Rafter, T., Watterson, I. and Bates, B. (2006) Projections of 
Extreme Rainfall and Cyclones, A report to the Australian Greenhouse Office, Canberra, Australia, p97. 
22 Ibid. 
23 Abbs, D.J., Aryal, S., Campbell, E., McGregor, J., Nguyen, K., Palmer, M., Rafter, T., Watterson, I. and Bates, B. (2006) Projections of 
Extreme Rainfall and Cyclones, A report to the Australian Greenhouse Office, Canberra, Australia, p97; Leslie, L.M., Karoly, D.J., 
Leplastrier, M. and Buckley, B.W. (2007) ‘Variability of Tropical Cyclones over the Southwest Pacific Ocean using a High Resolution 
Climate Model’, Meteorology and Atmospheric Physics, Special Issue on Tropical Cyclones. 
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has decreased over the last few decades, their intensity has increased, and this trend will continue.24 
Abbs et al plus two other recent studies25 predict a sharp increase in Category 3-5 storms.  
Risks and Costs from Cyclones  
Tropical cyclones and hurricanes can have major economic, social and environmental impacts in 
Australia and globally. CSIRO noted that there has been a statistically significant increase in the cost 
of damage due to severe storms in Australia between 1967 and 1999, in large part due to the 
increase in population in storm prone areas. In addition to increasing population densities the 
relationship between wind speeds and risk of damage to buildings has been found not to be linear, 
but rather exponential, as shown in Figure 1.2.2. 
 
Figure 1.2.2 IAG building claims versus peak gust speed showing disproportionate increases in 
claims cost from small increases in peak gust speed  
Source: IAG (2003)26
The Bureau of Transport and Regional Economics estimates that the total cost of cyclones for 
Australia since 1967 has tipped AUD$8.8 billion.
 
27 Total damages from Hurricane Mitch to Honduras 
was the equivalent of 75 per cent of Honduras’s annual national GDP.28 Hurricane Katrina and the 
economic losses totalled more than US$100 billion.29 According to the IPCC, ‘Up to 119 million 
people are on average exposed every year to tropical cyclone hazard.30 Worldwide, from 1980 to 
2000, a total of more than 250,000 deaths were associated with tropical cyclones, of which 60% 
occurred in Bangladesh... The death toll has been reduced in the past decade due largely to 
improvements in warnings and preparedness, wider public awareness and a stronger sense of 
community responsibility.31 The most-exposed countries have densely populated coastal areas, 
often comprising deltas and mega-deltas (China, India, the Philippines, Japan, Bangladesh).’32
                                                 
24  Ibid.  
25 Walsh, K.J.E., Nguyen, K.C. and McGregor, J.L. (2004) ‘Finer-resolution regional climate model simulations of the impact of climate 
change on tropical cyclones near Australia’, Climate Dynamics, vol 22, pp47-56; Leslie, L.M., Karoly, D.J., Leplastrier, M. and Buckley, 
B.M. (2007) ‘Variability of Tropical Cyclones over the Southwest Pacific Ocean using a High Resolution Climate Model’, Meteorology and 
Atmospheric Physics, Special Issue on Tropical Cyclones. 
  
26 Coleman, T. (2008) The Impact on Climate Change on Insurance against Catastrophes, Insurance Australia Group, 
www.iag.com.au/sustainable/media/presentation-20021219.pdf, accessed 4 December 2008. 
27  Ibid, pp2-3. 
28 Hardmer, J. and Dovers, S. (2007) Handbook of Disaster & Emergency Policies & Institutions, Earthscan, London. 
29 NOAA (2007) Billion dollar U.S. weather disasters, 1980-2006, NAOO, www.ncdc.noaa.gov/oa/reports/billionz.html, accessed 7 
December 2008. 
30 UNDP (2004) Reducing disaster risk: A challenge for development, Disaster Reduction Unit, Bureau for Crisis Prevention and Recovery, 
p161. 
31 ISDR (2004) Living With Risk: a Global Review of Disaster Reduction Initiatives, International Strategy for Disaster Reduction (ISDR). 
32 UNDP (2004) Reducing disaster risk: A challenge for development, Disaster Reduction Unit, Bureau for Crisis Prevention and Recovery, 
p161. 
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Australia is not immune to a Hurricane Katrina style cyclone disaster. The low-lying canal 
developments on the Gold Coast are particularly vulnerable and are outside mandated cyclone-proof 
building codes in North Queensland. Since Cyclone Tracy hit Darwin in 1974, changes to the 
building code have been implemented in the late 1970s and early 1980s to reduce the risk of 
damage from tropical cyclones. Since that time, research by the Cyclone Testing Station based at 
James Cook University shows that the building code reforms have significantly reduced the damage 
to buildings from tropical cyclones Winifred, Vance, Ingrid and Larry.33 The commonly used 
insurance damage curves developed by Walker34
There is no practical method of construction that can guarantee complete protection from a cyclone. 
Efforts to reduce the damage to structures from cyclones are hindered by a number of complicated 
concerns and variables,
 show up to a 5-fold improvement for post code 
buildings compared to pre code buildings in the likely damage costs. This shows that changing 
building design is worth the effort to reduce the risks of damage from cyclones. In addition, these 
changes can reduce the amount of potentially deadly flying debris from roofs and tiles, and thus 
reduce the number of lives lost and persons injured from cyclones.  
An investigation into what can be done to reduce risks of damage from cyclone induced storm 
surges on coastal communities is covered in Lecture 1.4 and in Module C. The following sections 
overview some of the main issues regarding the design of buildings to make them more cyclone 
proof to help reduce the risks of loss of life and damage costs from cyclones.  
 
Cyclone Proofing Buildings  
35
- The intensity and path of the cyclonic winds relative to the structure,  
 such as: 
- The effect of flying debris generated by loose items, trees, power lines or disintegrating buildings, 
- The fact that lightweight structures with wood frames are generally the most vulnerable to 
cyclones and are widely used in the regions affected, 
- Older structures are more likely to have deteriorated components (corrosion,36
- Incorrect or poor construction practices, such as houses made of un-reinforced or poorly 
constructed concrete block, which increases vulnerability. 
 rot, termite/insect 
impacts, weathering), leading to a reduction in strength along the critical load path within the 
building, and 
All of these factors can lead to significant damage to buildings. Furthermore, the degree of exposure 
of land and buildings will affect the velocity of the cyclone wind at ground level - with open country or 
seashore areas being the most vulnerable. For instance, when Cyclone Larry hit Far North 
Queensland in 2006, houses that otherwise met cyclone prevention standard, were still excessively 
damaged because of a failure to take these topographical characteristics into account. The Cyclone 
                                                 
33 Walker, G. (1995) Wind Vulnerability Curves for Queensland Houses, Alexander Howden Reinsurance Brokers, Australia; Cyclone 
Testing Station (1999) A Structural Assessment of the Effects of Cyclone Vance on Houses in Exmouth WA, Technical Report No. 48 July 
1999, School of Engineering James Cook University. 
34 Walker G (1995) Wind Vulnerability Curves for Queensland Houses, Alexander Howden Reinsurance Brokers, Australia. 
35 Northern Territory Government - Department of Infrastructure and Planning (undated) ‘Is your house safe in a cyclone?’, 
www.nt.gov.au/lands/building/regulations/factsheets/documents/cyclonemaintenance.pdf, accessed 4 December 2008. 
36 Reardon, G.F. and Doull, G. (1988) A survey of the corrosion of building components, Technical Report No. 32, James Cook Structural 
Cyclone Station, www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2032%20Cyclone%20Testing.pdf, accessed 7 
December 2008. 
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Testing Station37 found that, in this case, the design had not properly assessed the likely increased 
wind strengths and speeds in the more exposed areas.38 Furthermore that the design had failed to 
properly implement the requirements of Australian Standard AS4055,39 which outlines the required 
detailing of wind speeds for a particular building site.40 A rough guide for the likely exposure to wind 
speeds and hence the likely level of cyclone related building standards (AS405541 – C1, C2 or C3) 
can be determined by the amount of view the house site has. If there is minimal view then the house 
probably is surrounded by other houses on a flat contour and hence it receives some protection from 
the wind and requires AS4055 C1 to be applied. If there is some view then AS4055 C2 standards 
should be applied. If the building has an expansive view, AS4055 C3 standards should be applied to 
give the building the best chance of surviving a cyclone. Compounding this, settlement patterns may 
create a ‘tunnel effect’ that increases the wind speed between buildings, leading to even greater 
damage. In the case of construction of a group of buildings, a cluster (zig-zag) arrangement of 
buildings can be used to significantly reduce the tunnel effect. 
 
Figure 1.2.3 Alignment of Buildings can affect Local Wind Speeds 
Source: UNDP (2007)42




Gale force winds lifting roofing, either fully or partially off the house, is one of the major areas of 
building failure in cyclones. Traditionally building designers have used the weight of the roof to hold it 
down and focused on ensuring that the structural design of the building was sufficient to hold the 
weight of the roof up. But in a cyclone the forces lifting the roof are the equivalent of the upward 
force of the weight of a small car, one-and-half-tons, so roofs need to be tied down to resist this uplift 
pressure from cyclonic winds.
 which are discussed in the following. 
Roofing 
44
Roofing coming off is caused by a combination of inadequate fastening devices, inadequate 
roof thickness and insufficient frequencies of fasteners in the known areas of greater wind 
 As Ankush Agarwal from UNDP explains,  
                                                 
37 Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the Innisfail 
area, Technical Report No. 51, James Cook Cyclone Testing Station, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-F18C-
0A6DDA780E23FCE0, accessed 7 December 2008. 
38 Ibid. 
39 Australian Standard 4055 (2006) Wind Loads for Housing, Standards Australia.   
40 Australian Standard / New Zealand Standard 1170.2 (2002) Structural design actions Part2: Wind actions, Standards Australia. 
41 Australian Standard 4055 (2006) Wind Loads for Housing , Standards Australia.    
42 Agarwal, A. (2007) Cyclone Resistant Building Architecture, UNDP, Disaster Risk management Programme, 
www.ndmindia.nic.in/techAdvGroup/rvs/CycloneArchitecture.pdf, accessed 4 December 2008. 
43 Ibid. 
44 Ginger, J., Reardon, G. and Whitbread, B. (1998) Wind loads on a typical low-rise house, Technical Report No. 46, James Cook 
Cyclone Structural Testing Station, www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2046%20Cyclone%20Testing.pdf, 
accessed 7 December 2008. 
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suction. As the corners and the roof edges are zones of higher local wind suctions, the 
connections of cladding/sheeting to the truss need to be designed for the increased forces.45
– ‘loss of roof battens which were fastened to rafters with one or two nails.   
  
In Cyclone Larry, the Cyclone Testing Centre, based at James Cook University, found that the major 
sources of failure which led to all or parts of the roof coming off were:  
– loss of roof rafters or trusses when anchored by only one nail. 
– loss of struts, ridge members, and connected rafters when struts are not tied down.  
– loss of roof tiles because they were not all individually fastened.’46
Hence they recommended that designers and buildings should do the following: 
  
– ‘Rafter and strut anchorage to top plate should be brought up to capacity required by AS1684.3 
by framing anchors or straps. 
– Batten or rafter anchorage should be brought to an appropriate level by installation of batten 
straps or screws.47
– Cladding should be fixed in accordance with manufacturers specifications for the site wind 
classification.
   
48
– For roofs with tiles, all individual tiles should be fastened to the roof.’
 
49
These recommendations are based on extensive research by the Cyclone Testing Station, the 
results of which are summarised in over 50 freely available extensive technical reports.
  
50
Other aspects of the design of a house can help reduce the risks of damage in a cyclone. For 
instance, in order to lessen the effect of the uplifting forces on the roof, the roof pitch should be no 
less than 22 degrees.
  
51
                                                 
45 Agarwal, A. (2007) Cyclone Resistant Building Architecture, UNDP, Disaster Risk management Programme, 
 Also, experts warn, you should avoid a low pitched roof, and use a hip roof 
or a high pitched gable roof, with a preference for the former. Experience and experiment have 
www.ndmindia.nic.in/techAdvGroup/rvs/CycloneArchitecture.pdf, accessed 4 December 2008. 
46 Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the Innisfail 
area, Technical Report No. 51, James Cook Cyclone Testing Station, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-F18C-
0A6DDA780E23FCE0, accessed 7 December 2008. 
47 Rearon, G.F. (1979)The Strength of Batten-to-Rafter Joints: Part 2 - Recommendations for high wind areas, Technical Report No. 3,  
James Cook Cyclone Testing Station, www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%203%20Cyclone%20Testing.pdf, 
accessed 7 December 2008; Rearon, G.F. (1979)The Strength of Batten-to-Rafter Joints: Part 1 - Test results and derivation of design 
loads, Technical Report No. 2,  James Cook Cyclone Testing Station, 
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%202%20Cyclone%20Testing.pdf, accessed 7 December 2008. 
48 Xu, Y., Reardon, G., Mahlberg, J. and Henderson, D. (1996) Comparison of wind pressure and fatigue damage to hip and gable roof 
claddings, Technical Report No. 43, James Cook Cyclone Testing Station, 
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2043%20Cyclone%20Testing.pdf, accessed 7 December 2008. 
49 Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the Innisfail 
area, James Cook Cyclone Testing Station, Technical Report No. 51, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-F18C-
0A6DDA780E23FCE0, accessed 7 December 2008. 
50 Leitch, C., Cummins, W. and Henderson, D.(2003) An investigation of bond beam truss hold down connections, Technical Report No. 
49, James Cook Cyclone Testing Station,  
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2049%20Cyclone%20Testing.pdf, accessed 7 December 2008; Nash, L. 
and Boughton, G. (1981) Bracing Strength of Corrugated Steel Roofing, Technical Report No. 8, James Cook Cyclone Testing Station, 
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%208%20Cyclone%20Testing.pdf, accessed 7 December 2008; Reardon, 
G. (1983) Withdrawal strength of grooved nails in pine: Part 2 - Recommendations as batten/rafter joints, Technical Report No. 17, James 
Cook Cyclone Testing Station, www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2017%20Cyclone%20Testing.pdf, 
accessed 7 December 2008; Reardon, G. (1983) Withdrawal strength of grooved nails in pine: Part 1 - Results and analysis, Technical 
Report No. 16, James Cook Cyclone Testing Station, 
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2016%20Cyclone%20Testing.pdf, accessed 7 December 2008. 
51 Agarwal, A. (2007) Cyclone Resistant Building Architecture, UNDP, Disaster Risk management Programme, 
www.ndmindia.nic.in/techAdvGroup/rvs/CycloneArchitecture.pdf, accessed 4 December 2008. 
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shown that, of all types of roof, the hip roof is the most effective at coping with gale force winds, with 
the pitch somewhere between 25 and 40 degrees.52 
 
Figure 1.2.4 Schematic of Hip, High Gable and Flat Roof designs  
Source: UNDP (2007)53 
Overhangs, patios and verandas can experience high wind pressures, and thus it is wise to design 
these elements to be separate to the main structure, rather than extensions of the main building. 
This ensures that, if they do blow off, they can do so without damaging the house, as shown in 
Figure 1.2.5. 
 
Figure 1.2.5 Overhangs, Verandas Rooves, and Patio Rooves Are Vulnerable to experience high 
wind pressures  
Source: UNDP (2007)54
There are many different ways to reinforce walls to consider cyclone wind loading and make walls 
stronger. In cyclone or earthquake zones the UNDP recommends reinforcing walls with: longitudinal 
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Figure 1.2.6 Vertical and Horizontal Reinforcement of a Wall  
Source: Agarwal, A. (2007)56
1. ‘Openings in load bearing walls should not be within a distance of h/6 from the inner corner 
for the purpose of providing lateral support to cross walls, where ‘h’ is the storey height up to 
eave level. 
 
The design of many homes allows for a range of different types of small wall openings to enable 
ventilation, thereby reducing condensation within the wall cavity space. However, necessary as they 
are for managing ventilation, these are also sources of weakness in a cyclone. The UNDP 
recommends the following steps be followed to minimise the problem:  
2. Openings just below roof level should be avoided except for two small vents without shutters 
provided in opposite walls to prevent suffocation in case room gets filled with water and 
people try to climb up on tables, chairs to breathe.  
3. Since the failure of any door or window on the windward side may lead to adverse uplift 




In a cyclone, glass windows are vulnerable points of buildings which can be broken by flying debris. 
This can provide an opening for gale force winds to build up pressure in the home to lift parts of or 
even the whole roof off. Providing wire screens to protect windows from debris can reduce this 
problem. In Cyclone Larry, surveyors found little evidence that such wire screens were being used in 
the town of Innisfail leading to broken windows due to the impact of debris.58
The forces from cyclonic winds, when combined with favourable situations (such as a window 
breaking enabling pressure to build up in the home), can sometimes pull buildings completely off the 
 Interestingly wire 
screens over windows are also recommended to protect homes from bushfires and hailstorms as 
well (as covered in other lectures in this module). Ensuring that windows are not smashed open by 
debris also helps the home to maintain its seal against water inundation. In cyclones, gale force 
winds can lead to penetrating rain following wind patterns and even moving horizontally. Therefore if 
windows break they create an opening for rain to flood the house and cause damage. 
Foundations 
                                                 
56 Ibid 
57 Ibid 
58 Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the Innisfail 
area, Technical Report No. 51, James Cook Cyclone Testing Station, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-F18C-
0A6DDA780E23FCE0, accessed 7 December 2008 
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ground. Obviously lighter timber framed buildings are more vulnerable to this. Therefore, to prevent 
this from happening, timber framed buildings need to ensure a larger and heavier foundation is used 
that will be cyclone resistant as well as ensuring that the superstructure is properly fixed to the 
foundation.    
Roller Doors on Garages 
One of the key findings from the Cyclone Testing Station’s investigation of 2006 Cyclone Larry was 
that the roller doors on garages of homes and commercial facilities failed. Any structural failure like 
this creates potentially lethal debris which can cause further damage. In addition, once the roller 
door is broken it enables gale force winds to enter and lift the roof off by building up pressure in the 
confined space. In Cyclone Larry, the failure of roller doors led to greater destruction of garages and 
buildings than should have occurred (see Figure 1.2.7). According to the James Cook University’s 
Cyclone Testing Station, ‘roller doors need to comply with the wind loading standard and the 
domestic garage door standards AS/NZS4505. The filaments and supports of a roller door must be 
sufficient to high wind pressures or the garage must be constructed assuming that the roller door will 
fail.’59 
 
Figure 1.2.7 Two of the Failed Roller Doors from Cyclone Larry  
Source: Cyclone Testing Station60
A range of studies have shown that these basic lessons on why buildings fail have yet to adequately 
be incorporated into building design codes and practices.
 
61 David Henderson and John Ginger from 
the Cyclone Testing Station have distilled these lessons and researched how Australia’s building 
code62 and construction standards are performing and can be improved in this area.63
                                                 
59 Ibid. 
 They conclude 
that:  
60 Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the Innisfail 
area, Technical Report No. 51, James Cook Cyclone Testing Station, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-F18C-
0A6DDA780E23FCE0, accessed 7 December 2008. 
61 Boughton, G. and Falck, D. (2007) Tropical Cyclone George: Damage to buildings in the Port Hedland area, James Cook Cyclone 
Testing Station, www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2052%20Cyclone%20Testing.pdf, accessed 7 
December 2008; Melita, B. (2007) Performance of Housing Envelope in Tropical Cyclone Larry, School of Engineering, James Cook 
University; Henderson, D., Ginger, J., Leitch, C., Boughton, G. and Falck, D. (2006) Tropical Cyclone Larry - Damage to buildings in the 
Innisfail area, Technical Report No. 51, James Cook Cyclone Testing Station, www.abcb.gov.au/index.cfm?objectid=02CE6A53-DE04-
F18C-0A6DDA780E23FCE0, accessed 7 December 2008; Reardon, G., Henderson, D. and Ginger, J. (1999) A structural assessment of 
the effects of Cyclone Vance on houses in Exmouth WA, James Cook Cyclone Testing Station, 
www.eng.jcu.edu.au/cts/technical_reports/Technical%20Report%2048%20Cyclone%20Testing.pdf, assessed 7 December 2008; 
Reardon, G., Walker, G. and Jancauskas, E.D. (1986) Effects of Cyclone Winifred on Buildings, James Cook Cyclone Testing Station, . 
62 ABCA (2007) Building Code of Australia. Australian Building Codes Board. 
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‘Post windstorm damage surveys have shown that houses designed and built to the revised 
standards since the mid-eighties, perform better structurally than houses built prior to that. The 
studies have also indicated that the current suite of loading, design and construction standards 
are effective without being overly conservative. However, there were examples of houses 
designed and built that did not conform to the relevant standards, because of the: 
- Use of non-conservative design parameters, for example not accounting for high internal 
pressure caused by a dominant opening, or use of incorrect wind acceleration or shielding 
multipliers. 
- Poor or faulty construction practices such as unattached or missing fasteners, overdriven 
nails, component or connection spacing in excess of specified minimum distances. 
- Inappropriate use of materials for durability requirements (non-galvanized fasteners, un-
treated timber, etc). 
- Use of products that have not been designed, tested or installed for appropriate wind region 
(unrated roller doors and awnings, cladding and battens that have not been fatigue tested, 
etc). 
- Education and awareness of the consequences in making non-conservative design 
assumptions, and of faulty construction (e.g. damage to property and risk to life) is required in 
every step of the building process (regulation, design, construction, certification and 
maintenance) and by all parties (designer, builder, certifier, and owner). 
The Cyclone Testing Station’s work shows that a still greater education and community awareness 
program is needed. They specify the following areas as needing more attention in this regard:  
- ‘Correct interpretation of the Building Code of Australia (BCA) provisions, 
- Correct application of design standards, 
- Testing and certifying building materials, connections, etc to the relevant standards, 
- Diligent construction practices, and correct application of materials and components as per 
manufacturer’s instructions, 
- Appropriate inspection and certification at time of construction, and 
- Ongoing inspections and maintenance for serviceable life of building.’64
For further detailed information on these and other important aspects of building design to ensure 
buildings are as cyclone proof as possible please see the technical reports of the Cyclone Testing 
Station.
 
65 Preparing for cyclones is not just a job for designers and builders - the community has a 
key role to play, and Townsville City Council, a leader in local government sustainable development 




                                                                                                                                                                     
63 Henderson, D. and Ginger, J. (2008) ‘Role of building codes and construction standards in windstorm disaster mitigation’, The Australian 
Journal of Emergency Management, Vol. 23, No. 2, May 2008. 
64 Henderson, D. and Ginger, J. (2008) ‘Role of building codes and construction standards in windstorm disaster mitigation’, The Australian 
Journal of Emergency Management, Vol. 23, No. 2, May 2008. 
65  James Cook Cyclone Testing Station (undated) ‘Technical Reports’,.www.eng.jcu.edu.au/cts/research_reports.htm, accessed 7 
December 2008. 
66 Townsville City Council (undated) ‘Emergency Information – Cyclones’, 
www.townsville.qld.gov.au/community/resident/emergency/awareness/cyclone, accessed 7 December 2008. 
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Hailstorms 
Climate change is forecast to lead to more extreme weather events across the world that will have 
the potential to cause significant damage to public and private infrastructure and assets. Of particular 
interest to Australia, particularly the east coast, is the threat of hailstorms.67
Hail forms in strong thunderstorm clouds, particularly those with intense updraughts, great 
vertical extent, high liquid content with large water droplets and where a good portion of the 
cloud layer has a temperature below freezing (0°C). Hail forms on condensation nuclei such 
as dust, insects or ice crystals when supercooled water freezes on contact. If the hailstones 
grow large enough, they become too heavy to be supported by the thunderstorm's updraught 
and fall out of the cloud.
 Technically speaking, 
according to GeoScience Australia: 
68
Whether or not hailstorms form is very sensitive to subtle changes in atmospheric parameters. 
Therefore to determine how climate change will affect the frequency and intensity of hailstorms is 
best studied region by region. In the last four years there has been extensive modelling of the effects 
of climate change on the likelihood and intensity of hailstorms for the Sydney basin and NSW 
coast.
 
Hailstorms are most common in mid-latitudes during early summer where surface temperatures are 
warm enough to promote the instability associated with strong thunderstorms, but the upper 
atmosphere is still cool enough to support ice. Accordingly, hail is actually less common in the 
tropics despite a much higher frequency of thunderstorms than in the mid-latitudes because the 
atmosphere over the tropics tends to be warmer over a much greater depth.  
 
Climate Change and Hailstorms 
69 These studies show that there is a correlation between climate change and likely increases 
in both the frequency and intensity for the Sydney and NSW coastal areas.70
There are a number of factors that contribute to the overall trend for hailstorms of greater intensity in 
the future climate for the Sydney region and NSW coast. The most important factor is the 
temperature of the East Australian Current. This will increase due to climate change this century. As 
a result of this, winds from the north-east will deliver more moisture into the pre-storm environment 
over the western Sydney Basin and other basins up the NSW coast. In addition, maximum air 
temperatures are forecast to increase due to climate change throughout the hailstorm season of 
October to April. Therefore the pre-storm environment for the Sydney Basin and other basins on the 
NSW coast will have increased surface temperatures and dew points when compared to the 
 
                                                 
67 IPCC (2007) Climate Change 2007: Impacts, Adaptation and Vulnerability, Contribution of Working Group II to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, see ‘Australia and New Zealand’, 
pp507-540. 
68 See GeoScience Australia (undated) ‘Where does severe weather occur?’, www.ga.gov.au/hazards/severeweather/where.jsp, accessed 
7 December 2008. 
69 Leslie, L.M., Leplastrier, M. & Buckley, B.W. (2008), ‘Estimating future trends in severe hailstorms over the Sydney Basin: a climate 
modelling study’, Atmospheric Research 87(1): 37–51. 
Schuster, S.S., Blong, R.J., Speer, M.S., (2005)  A hail climatology of the Greater Sydney area and New South Wales, Australia. Int. J. 
Climatol. 25, 1633–1650   
Schuster, S. et al (2005) Characteristics of the 14 April 1999 Sydney hailstorm based on ground observations, weather radar, insurance 
data and emergency calls. Natural Hazards and Earth System Sciences, 5, 613–620, European Geosciences Union.  http://www.nat-
hazards-earth-syst-sci.net/5/613/2005/nhess-5-613-2005.pdf  
Niall, S.,Walsh, K., (2005)  The impact of climate change on hailstorms in south-eastern Australia. Int. J. Climatol. 26, 1933–1952 
Leigh, R., Kurnell, I., (2001) Hailstorm loss modelling and risk assessment in the Sydney Region. Nat. Hazards 24, 171–185 
Buckley, B.W., Leslie, L.M.,Wang, Y., (2001) The Sydney hailstorm of April 14, 1999: synoptic description and numerical simulation. 
Meteorol. Atmos. Phys. 76, 167–182 
Andrews, K.E., Blong, R.J., Byrnes, C.H., (1996) Wind and hailstorms in Sydney—a thunderstormclimatology. Natural Hazards Research 
Centre Report. Macquarie University, Sydney, Australia. 
70 Ibid. 
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historical climate, which will also increase the pre-storm “Convective Available Potential Energy” 
(CAPE) - the key indicator of the likelihood and potential severity of storms.71 Climate modelling 
indicates the possibility of extreme hailstorms with hail sizes in excess of 12 cm in diameter over 
limited areas. The Sydney Basin, Wollongong, the Blue Mountains and the hinterland of the Central 
Coast are forecast to be particularly at risk this century of severe hailstorm events.72
CSIRO’s extensive 2007 study of climate change in Australia also found that hail risk may increase 
over the southeast coast of Australia especially up the east coast.
 
73 Figure 1.2.8 shows projected 
changes in hail-days per year for 2030 and 2070 from CSIRO modelling as well as showing that on 
the east coast of NSW, the hailstorm risk is projected to almost triple, increasing from one to two 
days per annum to approximately four to six. 
 
Figure 1.2.8 Projected changes in hail risk (hail-days per year) for 2030 and 2070 
Source: CSIRO (2007)74
Economic losses from hailstorms in Australia account for 34 per cent of the total losses from 1967-
2003 from natural disasters, according to the Insurance Disaster Response Organisation, the largest 
proportion for any natural disaster. Hail damage is responsible for fifty per cent of the top twenty 
insurance losses in Australia since 1967.
 
Cost of Hailstorms 
75 The city of Sydney, being situated in a warm/temperate 
zone, with both ocean and desert influences, has the climatic conditions necessary to be affected by 
severe convective storms which can produce hail. Sydney has experienced six significant hailstorms 
in just over the last 20 years or so. (See Table 1.2.1) 
Table 1.2.1 Insurance losses from hail events in Sydney 
Date Location Cost (billion 
AU$) 
November 1976 Western Sydney 0.73 
                                                 
71 Ibid 
72 Ibid 
73 CSIRO (2007) Climate Change in Australia: Technical Report 2007, CSIRO, 
www.climatechangeinaustralia.gov.au/documents/resources/TR_Web_Ch5iv.pdf, accessed 7 December 2008. 
74 CSIRO (2007) Climate Change in Australia: Technical Report 2007, CSIRO, 
www.climatechangeinaustralia.gov.au/documents/resources/TR_Web_Ch5iv.pdf, accessed 7 December 2008. 
75 ICA (2007) Catastrophe Information, Insurance Council of Australia, www.insurancecouncil.com.au/Catastrophe-
Information/default.aspx, accessed 7 December 2008.  
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October 1986 Western Sydney 0.71 
March 1990 South Western Sydney 1.47 
January 1991 Turramurra 0.58 
February 1992 Girraween & Toongabbie 0.45 
April 1999 Eastern Suburbs 3.3 
December 2007 Blacktown 0.41 
          (Source, Jeary, A, 200976
The most costly hailstorm to date was in Sydney in 1999.
)  
 
77 Huge hailstones, some the size of cricket 
balls fell in this hailstorm causing significant damage. 
 
Figure 1.2.9 Hailstones collected during the Sydney hail-storm of 14 April 1999 compared with a 
seven centimetre diameter cricket ball 
Source: Bureau of Meteorology78
The onslaught of such large hailstones damaged or destroyed at least 35,000 buildings, mostly 
homes, causing extensive roof damage.
 
79
                                                 
76 Jeary, A., Slack-Smith. C (2009) ‘Risk of Damage to Roofs from Hail in Sydney.’ Australian Building Codes Board Conference Paper 
(forthcoming) 
77 Schuster, S.S., Blong, R.J., Leigh, R.J. and McAneney, K.J. (2005) ‘Characteristics of the 14 April 1999 Sydney hailstorm based on 
ground observations, weather radar, insurance data and emergency calls’, Natural Hazards and Earth System Sciences, vol 5, pp613-620. 
 Insurance losses from the storm were the highest ever for 
a natural disaster. In addition to the physical and insurance costs there were significant human, 
emotional, and time costs for all those involved. The roofing damage from the Sydney hailstorm of 
1999 affected so many homes, that it took many months to repair, significantly affecting tens of 
thousands of families. It took 6 months to finalise just half of the buildings claims, and a year after 
the storm 20 per cent of claims still had not been finalised. This left many Sydney homeowners using 
tarpaulins to protect their homes over months.  
78 Australian Government Bureau of Meteorology (BOM) (undated) ‘The Sydney Hailstorm, 14 April 1999, 
www.bom.gov.au/weather/nsw/sevwx/14april1999.shtml, accessed 7 December 2008. 
79 Australian Government Bureau of Meteorology (undated) ‘Climate Education – Hailstorms’, 
www.bom.gov.au/lam/climate/levelthree/c20thc/storm2.htm, accessed 17 September 2008. 
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Figure 1.2.10 NRMA Buildings Insurance, April 1999 Hailstorm – Time to finalise claims 
from the 1999 Sydney hailstorm 




Figure 1.2.11 Sydney Hailstorm of 1999 - Damaged roofs covered by blue sheeting in Sydney 
 Source: GeoScience Australia81
The afternoon of Friday the 18th of January, 1985, delivered what is considered the worst hailstorm 
in Brisbane’s history. This hailstorm produced hailstones as large as 6 cm in diameter. The storm 
was accompanied by gale force winds which reached almost 200 km/h [106 knots] making such 
large hailstones effectively missiles. The storm hit Brisbane during peak hour traffic, causing 
significant damage to vehicles, with an overall damage bill estimated to be more than AUD$300 
million. Severe hailstorms have also struck Melbourne and Adelaide. Hail damage during the 1990s 




                                                 
80 Stagnitta, L. and Forster, K. (2005) ‘Is Climate Change for real and if so what is the cause, likely impact and remedy’, Australian Building 
Codes Board National Conference, Insurance Australia Group.   
  
 
81 GeoScience Australia (undated) ‘National Risk Assessments Project Sydney Hailstorm’, 
www.ga.gov.au/urban/projects/nrap/sydney_hailstorm4.jsp, accessed 7 December 2008.  
82 Changnon, S.A. (ed.) (2000) El Niño 1997-1998: The Climate Event of the Century, Oxford University Press, Oxford, p215. 
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Adaptations to Reduce the Risks of Damage from Hailstorms 
The area or part of a building that is most susceptible to damage from hailstones is that facing the 
sky. Hailstones are not moved significantly in a horizontal direction83
1. Ensuring roofing design can withstand higher wind speeds and hail impact: The same rules apply 
here as in cyclones. The roof ideally is a hip shaped roof with at least a 22 degree angle, rather 
than a flat one, to reduce the average force of impact. Several hail damage testing agencies 
recommend increasing roof pitches over 6:12
, and so windows on the sides 
of houses are rarely affected, whereas roofs, skylights, antennas and coverings are affected. The 
following steps are recommended to reduce the risks of damage from hailstorms: 
84
2. Ensuring roofs are well maintained: Following a hailstorm or heavy rain, many homeowners and 
renters report water damage caused by leaking roofs. Most don't know they have cracked roof 
tiles until heavy rain hits. It is recommended that all residents organise to have their roofs 
checked while the weather is clear. 
 to dramatically improve hail resistance. The roof 
tiles should be individually tied down so that high wind speeds cannot lift them as in cyclones. 
3. Ensuring roof materials are hail resistant: There are a range of options to consider in the choice 
of roof materials for new and existing buildings to make them more hail resistant. These options 
are worth considering because once hail has broken through the roof, water gets into the roof, 
creating internal damage and destroying contents, increasing the costs for repair and 
replacement. In addition to most new tiles on the market, which tend to be more hail resistant 
than the old tiles like slate, there are a range of specialty hail resistant tiles available. These tend 
to cost a bit extra per tile but pay for themselves in the long run.85
Insurance Australia Group’s Technical Research Centre has investigated roof materials and their 
resistance to hailstorm damage. They have been using an experimental facility and using a hail gun, 
which propels hail-shaped ice blocks at roofing materials to assess which is the most hail resistant.  
The results of their experiments are summarised below in Table 1.2.1.
 A number of experts are 
recommending that governments encourage Australian households to make this investment. 
Tiling is a cost effective material to use on roofs because hail damage is often reduced to just a 
section of the roof’s tiles thus just those tiles need to be replaced. There are other materials 
people can use for their roofs as well, such as metal roofs like steel and zinc sheets. These 
materials have still stronger breaking points under a hailstorm, but if there is damage then whole 
metal sheets of the roof must be replaced rather than just the specific area(s) of damaged tiles. 
86   
Table 1.2.1 The Breaking Points of Roof Materials 
Roof material (in order from best 
to worst performing) 
Breaking point (What size 
hailstone caused the roof to 
crack?) 
Corrugated steel sheets 10cm in diameter 
Concrete tiles (new) 7cm in diameter 
                                                 
83 See Torro Hail Intensity Scale (2006) at http://www.torro.org.uk/TORRO/severeweather/hailscale.php accessed 10 March 2009 
84 Roof Estimator (undated) ‘Roof Pitch (slope) – How to determine your roof pitch’, www.roofestimator.net/pitch.asp, accessed 7 
December 2008. 
85 Fronapfel, E. (2000) ‘Hail-Resistant Roofs: Fact or Fiction?’, Professional Investigative Engineers,  
www.callpie.com/articles/articles/59/1/Hail-Resistant-RoofsFact-or-Fiction/Page1.html, accessed 7 December 2008. 
86 Insurance Australia Group (2005) ‘Sustainability Report 2005: One Year On’,  
www.iag.com.au/sustainable/reports/2005/oneYearOn.shtml accessed 7 December 2008. 
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Terracotta tiles (new) 7cm in diameter 
Old slate (100 years old) 5cm in diameter 
Old terracotta (50 years old) 5cm in diameter 
      Source: IAG (2005)87
Jeary et al
 
88 have correlated work performed in Australia by the IAG Technical Research Centre and 
others89 with the work by Torro90 in the UK to produce the following table which outlines the risks of 
damage for different hail diameters. This table shows that experiments in the UK found similar 
results to Australian experiments in this area. (See Table 1.2.2)  
Table 1.2.2 The Breaking Points of Roof Materials Comparing UK data with Australian Data. 
Hail Diameter 
(mm) 
Damage (Torro) Damage (SGIO) 
0-15 Slight crop damage - 
15-20 Significant crop damage - 
20-30 Glass and plastic damaged - 
30-40 Vehicle and widespread glass and plastic 
roofing broken 
Glass and plastic roofing 
broken 
40-50 Tiled roofs damaged, slate broken Old slate 100+ years old, Old 
tiles 50+ years old, cracked 
50-60 Tiled roofs broken, metal roofs dented Old slate tiles broken, new 
tiles crack 
60-75 Severe roof damage, tiles broken, slate 
shattered 
New concrete tiles and 
terracotta tiles break 
75-85 Severe damage to aircraft bodywork, tiles 
shattered, slate destroyed 
Sheet metal dented – all 
other roofing broken 
85-90 Severe damage to aircraft bodywork, tiles 
shattered, slate destroyed 
Sheet metal dented – all 
other roofing smashed 
>90 Extensive structural damage & sheet metal 
penetrated 
Sheer metal roofing 
penetrated/ cracked 
 
The Australian and UK tests are backed up by similar hail damage surveys that have been 
undertaken in the US. The US tests have found roughly the same breaking points for standard roof 
materials. These tests were conducted at 90 degrees to replicate a worst case scenario, i.e. hail 
impacting directly onto the roof surface. The speeds varied from 100 km/h to 160 km/h to mimic 
common wind speeds during a hailstorm. Haag Engineering Co, Texas USA, has released these 
findings of its trials on different types of tiling materials.91
                                                 
87 Insurance Australia Group (2005) ‘Sustainability Report 2005: One Year On’, Insurance Australia Group 
 (See Table 1.2.3) 
www.iag.com.au/sustainable/reports/2005/oneYearOn.shtml accessed 7 December 2008 
88 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper.  
89 SGIO Insurance (2004) Steel roofs guard against hail study. SGIO Insurance.  
90 See Torro Hail intensity scale (2006) at http://www.torro.org.uk/TORRO/severeweather/hailscale.php  
91 Marshall, T. et al (2003) Hail Damage to Tile Roofing, Haag Engineering Co. Dallas, Texas, 
http://ams.confex.com/ams/pdfpapers/81093.pdf, accessed 7 December 2008; Marshall, T. et al (2000) Hail Damage Threshold Sizes For 
Common Roofing Materials, Haag Engineering Co. Dallas, Texas, http://ams.confex.com/ams/pdfpapers/45858.pdf, accessed 7 December 
2008. 
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Table 1.2.3 Percentage of Common Roof Materials Broken from Hail Impact at Different Diameters.  
Type of Roofing Product Age (yrs) 25mm 32mm 38mm 44mm 50mm 
3-tab fibreglass shingles 11 0 60 90 100 100 
3 tab organic shingles 11 - 90 100 100 100 
30 year Laminated shingles 11 0 0 60 90 100 
Cedar shingles 11 0 20 80 100 100 
Heavy Cedar shakes 0 0 0 50 90 100 
Fibre Cement tiles 0 0 20 80 100 100 
Flat Concrete Tiles 0 0 20 50 50 100 
S-shaped Concrete Tiles 0 0 0 0 0 80 
Built up Gravel Roofing 8 0 0 0 0 30 
Number of Products 
Damaged - 1/9 5/9 7/9 7/9 9/9 
 Source: Haag Engineering Co (2000)92
Haag Engineering Company has also undertaken more than a dozen hail damage surveys in 
hailstorm prone cities in the USA. Similar hail damage surveys have also been undertaken in the 
USA by Charlton and Kachman.
 
 
93 These surveys correlated well with the test results in Tables 1.2.1 
and 1.2.2.94 The implication from these tables so far is that that the return period for hailstones of a 
size sufficient to cause significant damage to tiled roofs in Sydney, is between 15 and 20 years. This 
is because most tiles on Sydney roofs can be damaged with hailstorms above 70 mm as most have 
terracotta tiles. (See Table 1.2.4) 
Table 1.2.4: Roof types by percentage in Sydney. 
Type Percentage (2006) Percentage (2009) 2009 confidence 
Terracotta Tiles 75 69 17% 
Steel Sheeting 
(Colorbond) 
12 10 41% 
Concrete Tile - 19 31% 
Slate 10 1 161% 
Aluminium 2 0 - 
Other 1 0 - 
(Source: Jeary, A et al, 200995
                                                 
92  Marshall, T. et al (2000) Hail Damage Threshold Sizes For Common Roofing Materials, Haag Engineering Co. Dallas, Texas, 
) 
http://ams.confex.com/ams/pdfpapers/45858.pdf, accessed 7 December 2008. 
93 Charlton, R. and Kachman, B. (1996) The economics of major urban hailstorms, Proc. on Hail Damage Mitigation and Hail Science, 
Bismark, ND, pp36-54. 
94 Morrison, S.J. (1997) Hail-fall, roofing, and impact testing, Haag Engineering Co., p7. 
95 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper  
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Recommendations  
Over the previous two decades there is a trend emerging for more frequent and intense hailstorms in 
Australia. In this case, as in all areas of natural disasters considered in these lectures (cyclones, hail, 
bushfires and sea-level rises) the costs of inaction are greater than the costs of action. Yet, today 
most roofs of houses and buildings in hailstorm prone areas are currently not designed to cope with 
major hailstorms. Evidence for this comes from the most recent hailstorm in Sydney in 2007 which 
saw damage of more than AUD$400 million recorded in the Blacktown area leading to thousands of 
insurance claims. Also, research by Jeary et al shows that the return period for hailstones of a size 
sufficient to cause significant damage to tiled roofs in Sydney, is between 15 and 20 years.96
- 
 
Significant market failures, such as imperfect information and split incentives, have, to date, 
significantly slowed progress to improve the hail resistance of roofs in hail prone areas in Australia; 
Imperfect Information
- 
: Building owners clearly have a strong self interest in protecting 
themselves and their properties from the risks and consequences of a hailstorm event but 
many are not fully informed of the risks, nor aware of the options and costs of solutions.  
Split Incentives:
As outlined previously, in the late 1970’s to early 80’s, specific building codes were implemented that 
addressed tropical cyclone wind loads on residential buildings. Since then surveys and research has 
shown a significant reduction in damage costs from cyclones in post code buildings compared to pre 
code buildings. This shows that the building industry and Australian homeowners have a great 
capacity to adapt to changes in the building codes. Currently no specific building code or Australian 
Standard exists which seeks to address and reduce the risks of hail damage.  
 The benefits of hailstorm protection of buildings do not accrue to the party 
that designs or builds the house. Those responsible for the design and construction of 
buildings are not then responsible for the ongoing operational and maintenance costs of 
those buildings. Hence in a competitive market place builders and developers will tend to 
resist measures which add to the costs of building homes such as using more hail resistant 
tiles. In addition, currently in the marketplace, those builders which try to do the right thing will 
be penalised competitively as their homes will cost more to build than their competitors. 
Hence there is a role for government and regulation here.  
This partly is a result of the fact that these boards where important decisions are being made in 
regards to planning and building codes in Australia have had no representatives from the insurance 
sector. Even though the costs of extreme weather events are largely reflected in insurance losses, 
and hence are an important consideration in deciding on the level and scale of response required.97
The Australian Building Codes Board and Standards Australia should draw confidence from their 
experience with developing a specific building code for cyclone prone areas and now create a 
specific code and standard for houses in hailstorm prone areas. Mandating more hail resistant 
building design measures in the relevant building codes and standards for new homes would help to 
build a market for hail resistant tiles and roofs. It would help to encourage economies of scale and 
 
This needs to change to ensure that the potential future negative impacts of climate change are 
reduced through effective adaptation measures being updated regularly in the Australian building 
codes and standards.  
                                                 
96 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper.  
97 Stagnitta, L. and Forster, K. (2005) ‘Is Climate Change for real and if so what is the cause, likely impact and remedy’, Australian Building 
Codes Board National Conference, Insurance Australia Group.   
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innovation which would bring down the unit costs to individual households of implementing such 
measures over the coming decades this century. It is thus recommended that such changes are 
mandated initially for all new homes built in hail prone areas of Australia. Building stock turns over 
roughly once every fifty to one hundred years depending on a range of factors. Hence, by requiring 
from hereafter all new buildings in hailstorm prone areas to be built to be hailstorm resistant, it will 
ensure by 2070 that most homes are better prepared for the risks of hailstorms.  
Recent detailed statistical analysis and research by Professor Jeary and Charles Slack-Smith98 has 
provided data which supports these recommendations. Professor Jeary and Charles Slack-Smith99 
have shown that that hailstones capable of damaging the type of roof used by 75% of Sydney’s 
domestic houses, occurs with a yearly probability of 6.7 per cent (15-year mean return period). As 
Jeary and Smith explain. “this probability is far more than that used for design for synoptic winds or 
for earthquakes which consider that probabilities of 5 per cent every 50 years and 67 per cent in 500 
years (1000 and 500 year return periods respectively) are appropriate.”100
The Building Code of Australia includes a performance requirement that roofs shall be proof against 
water penetration. However, at the last drafting, an analysis, such as the one undertaken recently by 
Profossor Jeary and Charles Slack-Smith
  
101, was not available partly due to the lack of relevant 
data.102 The implications of this recent study103
                                                 
98 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper.  
99 Ibid.  
100 Ibid 
101 Ibid 
102 Records of the diameter of hail from hailstorms have only been kept for the last twenty years in Australia. 
103 Jeary, A. Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building Codes Board Conference Paper. 
 by Jeary et al is that the occurrence of damage to 
roofs in Sydney, and thus the risks of water damage, is likely to be far greater than would probably 
be deemed acceptable to the Australian public given other standards for cyclones, earthquakes or 
bushfires.  
Finally, we recommend that the Australian Building Code Board and Standards Australia investigate 
and undertake more detailed cost benefit analysis of the potential mixes of regulations, incentives 
and rebates to encourage households to invest in retrofitting their homes to significantly increase 
their capacity to resist damage from hailstorms.  
 
 Prepared by The Natural Edge Project 2009         Page 26 of 27 Water Transformed: Sustainable Water Solutions 
Key References 
Cyclone Testing Station, James Cook University (undated) ‘Technical Reports’, 
www.eng.jcu.edu.au/cts/research_reports.htm, accessed 4 December 2008. 
Henderson, D. and Ginger, J. (2008) ‘Role of building codes and construction standards in 
windstorm disaster mitigation’, The Australian Journal of Emergency Management, Vol. 23, No. 2, 
www.ema.gov.au/agd/EMA/rwpattach.nsf/VAP/(CFD7369FCAE9B8F32F341DBE097801FF)~13821
+WEMA+Henderson.PDF/$file/13821+WEMA+Henderson.PDF, accessed 7 December 2008. 
Agarwal, A. (2007) Cyclone Resistant Building Architecture, UNDP, Disaster Risk management 
Programme, www.ndmindia.nic.in/techAdvGroup/rvs/CycloneArchitecture.pdf, accessed 7 December 
2008. 
Hennessy, K.J. (2004) ‘Climate change and Australian storms’,  In Proc. International Conference on 
Storms, Brisbane, 5-9 July, 2004. 
Jeary, A., Slack-Smith. C (2009) Risk of Damage to Roofs from Hail in Sydney. Australian Building 
Codes Board Conference Paper 
Leicester, R.H. (1981) ‘A risk model for cyclone damage to dwellings’, Proceedings, 3rd. 
International Conference on Structural Safety and Reliability, Trondheim, Norway. 
Nicholls, N., Landsea, C. and Gill, J. (1998) ‘Recent trends in Australian region Tropical Cyclone 
activity’, Meteorology and Atmospheric Physics, vol 65, pp197-205. 
Fronapfel, E. (2000) ‘Hail-Resistant Roofs: Fact or Fiction?’, Professional Investigative Engineers, 
www.callpie.com/articles/articles/59/1/Hail-Resistant-RoofsFact-or-Fiction/Page1.html, accessed 7 
December 2008. 
McMaster, H. (1999) ‘The potential impact of global warming on hail losses to winter cereal crops in 
New South Wales’, Climatic Change, vol 43, pp455-476. 
McMaster, H. (2001) ‘Hailstorm risk assessment in rural New South Wales’, Natural Hazards and 
Earth System Sciences, vol 24, no. 2, pp187-196. 
Schuster, S. (2003) ‘Hail damage on the radar’, Risk Frontiers Quarterly Newsletter, vol 3, no. 1, p2, 
www.es.mq.edu.au/NHRC/web/nhq/rfnews3_1/RFnews3_1.htm, accessed 17 September 2008. 
Schuster, S. and Blong, R. (2004) Hailstorms and the Estimation of Their Impact on Residential 
Buildings Using Radar, Risk Frontiers – Natural Hazards Research Centre, Macquarie University, 
Sixth International Symposium on Hydrological Applications of Weather Radar, 
www.es.mq.edu.au/NHRC/web/front/homepagetables.htm, accessed 17 September 2007 
Schuster, S (2005) Characteristics of the 14 April 1999 Sydney hailstorm based on ground 
observations, weather radar, insurance data and emergency calls. http://www.nat-hazards-earth-
syst-sci.net/5/613/2005/nhess-5-613-2005.pdf  
Walker, G.R. (1995) Wind vulnerability curves for Queensland houses, Alexander Howden Insurance 
Brokers (Australia) Ltd. 
Walsh, K. (2004) ‘Tropical cyclones and climate change: unresolved issues’, Climate Research, vol 
27, pp77-83. 
Webb, R.M. (1995) The Sydney Supercell Thunderstorm 28th October 1995, Report: NSW Severe 
Weather Section, Bureau of Meteorology, Australia. 
 Prepared by The Natural Edge Project 2009         Page 27 of 27 Water Transformed: Sustainable Water Solutions 
Walsh, K., Hennessy, K., Jones, R., McInnes, K.L., Page, C.M., Pittock, A.B., Suppiah, R. and 
Whetton, P. (2001) Climate change in Queensland under enhanced greenhouse conditions – third 
annual report, 1999-2000, CSIRO consultancy report for the Queensland Government, Aspendale.  
Whetton P.H., Suppiah R., McInnes K.L., Hennessy K.J. and Jones R.N. (2002) Climate change in 
Victoria: high resolution regional assessment of climate change impacts, CSIRO consultancy report 
for Department of Natural Resources and Environment Report, Victoria. 
Yeo, S., Leigh, R. and Kuhnel, I. (1999) ‘The April 1999 Sydney Hailstorm’, Australian Journal of 
Emergency Management, vol 14, no. 4, pp23-25. 
Zillman, J. (1999) Report by the Director of Meteorology on the Bureau of Meteorology's Forecasting 
and Warning Performance for the Sydney Hailstorm of 14 April 1999, Bureau of Meteorology, 
Melbourne, www.bom.gov.au/inside/services_policy/storms/sydney_hail/hail_report.shtml accessed 
7 December 2008. 
Other Useful Links  
The Sydney Coastal Councils Group (SCCG), www.sydneycoastalcouncils.com.au/system-
approach-to-regional-climate-change-adaptation-strategies-in-metropolises/index.php, accessed 17 
September 2008.  
